Purpose: Gene therapy (ex vivo) has recently been used as a means of delivering bone morphogenetic proteins (BMPs) to sites of tissue regeneration. In the present study, we investigated the effect of co-transduction of adenoviruses expressing BMP-2 and BMP-7 on osteogenesisof C2C12 cells in vitro. Methods: A replication-defective human adenovirus 5 (Ad5) containing a cDNA for BMPs in the E1 region of the virus (Ad5BMP-2 and Ad5BMP-7) was constructed by in vivo homologous recombination. Functional activity of Ad5BMP-2 and Ad5BMP-7 were evaluated in mouse stromal cells (W20-17cells). C2C12 cells are transduced with various MOI (multiplicity of infection) of Ad5BMP-2 and Ad5BMP-7 to assess most effective and stable titer. Based on this result, C2C12 cells were transduced with Ad5BMP-2 and Ad5BMP-7 alone or by combination. BMPs expression, alkaline phosphatase (ALPase) activity, cell proliferation, and mineralization were assessed. Results: Ad5BMP-2 and Ad5BMP-7 are successfully transduced to W20-17 cells, and secreted BMPs stimulated cell differentiation. Also, C2C12 cells transduced with Ad5BMPs showed expression of BMPs and increased ALPaseactivity. In all groups, cell proliferation was observed over times. At 7days, cells co-transduced with Ad5BMP-2 and Ad5BMP-7 showed lower proliferation than the others. C2C12 cells co-transduced with Ad5BMP-2 and Ad5BMP-7 had greater ALPaseactivity than that would be predicted if effect of individual Ad5BMPs were additive. Little mineralized nodule formation was detected in cells transduced with individual Ad5BMPs. In contrast, Ad5BMP-2 and Ad5BMP-7 combination stimulated mineralization after culturing for 10 days in mineralizing medium. Conclusions: Present study demonstrated that adenoviruses expressing BMPs gene successfully produced BMPs protein and these BMPs stimulated cells to be differentiated into osteoblastic cells. In addition, the osteogenic activity of Ad5BMPs can be synergistically increased by co-transduction of cells with Ad5BMP-2 and Ad5BMP-7. 
INTRODUCTION
The growth factors that are known to affect osteogenic cells and may have therapeutic potential in promoting periodontal regeneration include platelet-derived growth factors, fibroblast growth factors, and transforming growth factors. They have been suggested as suitable agents because of their ability to regulate cell proliferation in differentiated tissue [1] [2] [3] [4] . However, growth factors are not capable of inducing bone formation in ectopic sites. Rather, they act to modulate or stimulate already determined osteoprogenitor cells in developing or pre-existing orthotopic sites to form cartilage and bone 1, 3) . Unlike these growth factors, Bone morphogenetic proteins (BMPs) have osteoinductive activity. When BMPs bind to their cell surface receptors on mesenchymal cell, a BMP signaling cascade is activated.
Effect of combinatorial bone morphogenetic protein 2 and bone morphogenetic protein 7 gene delivery on osteoblastic differentiation Signals are sent via specific genes that lead to the synthesis of macromolecules involved in cartilage and bone formation, and the mesenchymal cell becomes a chondrocyte or an osteoblast 5) . There is, therefore, a distinct difference between the ability and function of BMPs and growth factors.
However, human trials with BMPs have generally been less successful than earlier animal studies 6) .
Reasons for this may be related to a lack of optimal matrix for controlled, sustained BMP delivery at the site of implantation, short biologic half life, and inability of recombinant molecule presentation after implantation to mimic the route of administration in vivo by a BMP-producing cell [7] [8] .
Gene therapy has recently been used as a means of delivering BMPs to sites of tissue regeneration. The strategy is to accelerate or induce a natural biologic process by expressing a molecule that is normally involved in the regenerative response for the tissue of interest. There are two general ways to deliver a gene to a regenerative site: BMP gene can be delivered directly to the tissue of interest where it will be taken up by host cells that will then express the regenerative molecule (in vivo) or the gene is transduced into the cells of a tissue biopsy outside the body, and then resulting genetically modified cells are transplanted back into patient (ex vivo) [8] [9] [10] .
Although individual BMPs can induce bone formation, there is strong evidence that these factors normally work together to induced bone formation.
BMPs 2, 4 and 7 are expressed in overlapping patterns during limb development 11) and observed at various times during fracture healing 12) . Previous studies suggest that BMP gene therapy may be more effective if it is used to express combinations of BMPs rather than single molecules [13] [14] .
In the present study, we evaluated adenovirus vector for BMPs gene delivery and investigated the effect of co-transduction of adenoviruses expressing BMP-2 and BMP-7 on osteoblastic differentiation of C2C12 cells in vitro.
MATERIALS AND METHODS

Adenovirus vector construction
A replication-defective human adenovirus 5 (Ad5)
containing a cDNA for BMPs in the E1 region of the virus (Ad5BMP-2 and Ad5BMP-7, respectively) was constructed by in vivo homologous recombination. 
Identification and quantitation of BMPs expression
Conditioned media from transduced cells was col- Triton X-100, 15 mM pNPP for 30min and stopped by adding 0.1 N NaOH. The absorbance of the reaction was measured at 405 nm in a microplate reader.
Mineralization assay
The effect of Ad5BMPs on mineralized nodule formation was determined using alizarin red-S (AR-S)
staining. C2C12 cells transduced with Ad5BMPs were incubated in mineralizing media (DMEM with 15% FBS, 1% penicillin-streptomycin solution, 0.5% ascorbic acid and 1% β -glycerophosphate). After 10 days, Alizarin red-s staining was performed, and then, stained cells were photographed followed by a quantitative eluting procedure using cetylpyridinium chloride in 10 mM sodium phosphate.
Statistical analysis
Statistical analyses were performed using oneway ANOVA analysis. Statistical significance was set at P < 0.05.
RESULTS
Functional activity of Ad5BMPs
The functional activity of Ad5BMPs was evaluated in mouse W20-17 cells. BMP-2 and BMP-7 protein secretion was assessed by ELISA ( Fig. 1) . Cells transduced with Ad5BMP-2 secreted BMP-2 protein. Cells transduced with Ad5BMP-7 secreted BMP-7 protein.
In contrast, no BMPs protein was detected in uninfected cells.
The ability of Ad5BMP-2 and Ad5BMP-7 to stimulate the early osteoblast marker, ALPase activity was examined (Fig. 2) . Compared to cells uninfected, cells transduced with Ad5BMP-2 or Ad5BMP-7 showed enhanced ALPase activity. Ad5BMP-2 was found to more active in stimulating ALPase activity relative to Ad5BMP-7.
Effect of Ad5BMPs on proliferation of the cells
In both control and test group, C2C12 cell proliferation was observed over times. In all groups, there were statistically significant differences between culture periods. In addition, there were no statistically significant differences between groups but in group combining Ad5BMP-2 with Ad5BMP-7 at 7days (Fig. 3) . with AdLacZ or Ad5BMP-7 alone showed no expression of BMP-2. Up to 14 days, similar amount of BMP-2 was observed in conditioned media from cells transduced with Ad5BMP-2 alone. However, BMP-2 expression decreased significantly at 18days. Cells cotransduced with Ad5BMP-2 and Ad5BMP-7 secreted BMP-2 protein constantly up to 18 days (Fig. 4) .
BMP-7 expression was observed in the conditioned
media from cells transduced with Ad5BMP-7 alone or co-transduced with Ad5BMP-2 and Ad5BMP-7. Up to 18 days, BMP-7 level was maintained relatively (Fig. 5 ).
Cells transduced with Ad5BMP-2 showed increase of ALPase activity over times. However, Ad5BMP-7 did not stimulate ALPase activity compared to control. Ad5BMP-7 was 3 fold greater than the sum of ALPase activity in cells individually treated with Ad5BMP-2 or Ad5BMP-7 at 14 days (Fig. 6 ).
As shown photographs of alizarin red-S stained culture plates (Fig. 7) , little mineralized nodule formation was detected in cells transduced with individual Ad5BMPs. In contrast, Ad5BMP-2 and Ad5BMP-7 combination stimulated mineralization after culturing for 10 days in mineralizing media. Many studies about BMPs gene delivery using adenovirus vector have been investigated. Kim et al. 19) stated that gingiva fibroblast and PDL cell transduced with Ad5BMP-2 were responsive to BMP-2 and showed enhanced ALPase activity and mineralization.
According to Franceschi et al. . These differences between BMP-2 and BMP-7 can be reason for synergistic effect of BMP-2 and BMP-7 combination.
Francesca et al. 10) stated that co-transaction of mesenchymal cell lines with adenovirus expressing combination of BMPs produced BMP heterodimers and these have greater biologic activity than homodimer.
However, the authors said that because they have not determined the stoichiometry of BMP-2/7 complex, it cannot be firmly concluded that these complexes are exclusively heterodimeric.
In conclusion, present results demonstrated that adenoviruses expressing BMPs gene successfully produced BMPs protein and these BMPs stimulated cells to be differentiated into osteoblastic cells. Also the osteogenic activity of Ad5BMPs can be synergistically increased by co-transduction of cells with Ad5BMP-2 and Ad5BMP-7.
